Low ethanol yields on xylose hamper economically viable ethanol production from hemicellulose-rich plant material with Saccharomyces cerevisiae. A major obstacle is the limited capacity of yeast for anaerobic reoxidation of NADH. Net reoxidation of NADH could potentially be achieved by channeling carbon fluxes through a recombinant phosphoketolase pathway. By heterologous expression of phosphotransacetylase and acetaldehyde dehydrogenase in combination with the native phosphoketolase, we installed a functional phosphoketolase pathway in the xylose-fermenting Saccharomyces cerevisiae strain TMB3001c. Consequently the ethanol yield was increased by 25% because less of the by-product xylitol was formed. The flux through the recombinant phosphoketolase pathway was about 30% of the optimum flux that would be required to completely eliminate xylitol and glycerol accumulation. Further overexpression of phosphoketolase, however, increased acetate accumulation and reduced the fermentation rate. By combining the phosphoketolase pathway with the ald6 mutation, which reduced acetate formation, a strain with an ethanol yield 20% higher and a xylose fermentation rate 40% higher than those of its parent was engineered.
Pentose-rich hemicellulose is a major constituent of abundant plant materials that are cheap substrates for bioethanol production (40) . The preferred microorganism for alcoholic fermentation, the yeast Saccharomyces cerevisiae, is not naturally capable of metabolizing the most abundant hemicellulosic pentoses, arabinose and xylose. Intense research in the past decade, therefore, focused on metabolic engineering of pentose utilization in yeast (3, 11, 15, 24) to establish an economically viable process from nonstarch substrates (32) . For xylose, a recombinant pathway was installed by overexpression of the NAD(P)H-dependent xylose reductase and NAD ϩ -dependent xylitol dehydrogenase from Pichia stipitis (7, 14) . The different cofactor preferences in the two oxidoreductase reactions, however, cause an anaerobic redox balancing problem that manifests itself in the extensive accumulation of the reduced reaction intermediate xylitol and thus low ethanol yields (4, 11) .
Engineering of redox metabolism to shift the cofactor usage of xylose reductase towards NADH alleviated xylitol formation and increased the ethanol yield, but the rate of fermentation was decreased significantly (1, 16) . Presumably, NADPHdriven xylose reduction is necessary to sustain high fermentation rates (16) , and increased cytosolic NADPH formation indeed increased xylose fermentation rates, in this case coupled with higher xylitol accumulation and lower ethanol yields (2) . Unless an alternative, redox-neutral pathway is used for the initial utilization of xylose (12, 18) , redox metabolism must thus be fine-tuned such that sufficient NADH is reoxidized to increase the ethanol yield without concomitantly decreasing the formation of NADPH that is necessary to drive the xylose reductase reaction at a high rate (25, 31) . By identifying the underlying molecular changes in a xylose-fermenting S. cerevisiae strain that evolved from a 460-generation experiment (29) , it was recently shown that indeed gene expression in redox metabolism was altered such that more NADH could be reoxidized and more NADPH formed (28) . One possibility for engineering redox metabolism rationally is the phosphoketolase pathway, which leads to the net reoxidation of one NADH per xylose converted to ethanol (see Fig. 1 ). Phosphoketolases (EC 4.1.2.9) are catabolic key enzymes of many lactic acid and bifidobacteria (10) that convert xylulose-5-P to acetyl-P and glyceraldehyde-3-P and/or convert fructose-6-P to acetyl-P and erythrose-4-P (20, 23) . This bacterial pathway would potentially allow achievement of the maximum theoretical yield of 0.51 g of ethanol per g of xylose, without affecting the NADPH/ NADH usage ratio of the xylose reductase reaction.
Here, we describe metabolic engineering of a functional phosphoketolase pathway in the xylose-fermenting S. cerevisiae strain TMB3001c (7) that expresses xylose reductase, xylitol dehydrogenase, and xylulokinase from a chromosomal integration. During the course of this work, we realized that even low-level accumulation of acetate has a pronounced negative influence on the rate of xylose fermentation. By combining reduced acetate accumulation in an ald6 mutant (6) with the phosphoketolase pathway, we engineered a strain with an increased fermentation rate and ethanol yield.
MATERIALS AND METHODS
Strains, media, and cultivation conditions. The S. cerevisiae strains used here are listed in Table 1 . All fermentation experiments were done in minimal medium (29) with 50 g each of glucose and xylose liter Ϫ1 . Ethanol-dissolved ergosterol (Fluka) and Tween 80 (Sigma) were added to final concentrations of 0.01 and 0.42 g liter Ϫ1 , respectively. The pH was maintained above 4.5 by adding 100 mM citric acid buffer (pH 5.5). Cultures were grown in 175-ml serum bottles, filled with 150 ml of medium, and stirred magnetically at 100 rpm and 30°C. CO 2 accumulation was prevented by penetrating the rubber septum with a needle (0.45 by 10 mm).
Analytical methods. Cell growth was monitored by monitoring the optical density at 600 nm (OD 600 ). Cellular dry weight (DW) was determined from at least three 2-ml culture aliquots that were centrifuged at 3,000 ϫ g for 20 min in predried and preweighed microcentrifuge tubes, washed once with water, and dried at 110°C for 24 h to constant weight. Commercially available kits were used for enzymatic determination of glucose (Beckman, Fullerton, Calif.), xylose (Medichem, Steinenbronn, Germany), xylitol (R-Biopharm, Darmstadt, Germany), acetate (R-Biopharm), and glycerol (Sigma). Ethanol was measured by gas chromatography as was described previously (27) .
Determination of physiological parameters and intracellular metabolic fluxes. Maximum exponential growth rates on glucose were determined by log-linear regression of OD 600 versus time, with the growth rate as the regression coefficient. The biomass yield (Y x/s ) was determined as the coefficient of linear regression of biomass concentration (DW) versus substrate concentration (S)during exponential growth phase on glucose. The biomass concentration was estimated from OD 600 -to-DW correlations determined for each culture after glucose depletion (40 to 60 h after inoculation) and prior to the termination of the experiment (100 to 120 h after inoculation). Ethanol, xylitol, acetate, and glycerol yields on glucose or xylose were calculated by linear regression of by-product versus substrate concentrations during exponential growth on glucose or after glucose depletion until the end of the experiment, respectively. The specific xylose uptake rate was determined as the ratio of the linear regression coefficient of xylose concentration versus time to the average biomass concentration measured after glucose depletion. An ethanol evaporation constant of 0.001 h Ϫ1 was determined by monitoring the decrease in ethanol concentration in an identical fermentation setup containing 100-, 50-, and 25-g l Ϫ1 ethanol solutions in the same minimal medium.
The previously reported stoichiometric model (34) was used to estimate intracellular carbon fluxes during the xylose consumption phase of the above anaerobic batch fermentations. To estimate the fluxes through the phosphoketolase pathway, the corresponding pathway was implemented in the model as a single reaction that converts xylulose-5-P and NADH to glyceraldehyde-3-P, acetaldehyde, and NAD ϩ . Since xylose reductase is also able to convert dihydroxyacetone phosphate to glycerol-3-P using both NADH and NADPH (17) , the in vivo cofactor usage of xylose reductase is not assessable with a stoichiometric model. Thus, the cofactor usage ratio of the xylose reductase was assumed to remain unaltered, to maintain a determined system of linear equations (30) . This assumption is supported by unaltered rates of xylose uptake and acetate formation upon installation of the pathway. The flux to ethanol was defined as a free flux, whose computed values were compared with the experimentally determined ethanol production rates. The computed free fluxes were always within 14% of the experimental values, thus confirming the reliability of the employed stoichiometric model. Molecular biology procedures. The ald6 (YPL061W) mutant of TMBALD6c was generated with the homolog flanking region approach (33) . Briefly, the kanMX4 cassette of the yeast strain Y02767 (BY4741 MATa his3-⌬1 leu2-⌬0 met15-⌬0 ura3-⌬0 YPL061W::kanMX4) from the gene deletion project (37) was PCR amplified with primers that were complementary to sequences 500 bp upstream (5Ј-GACAAAAGAAAAACGACCGAAAAGG-3Ј) and downstream (5Ј-ATATGATCTCTGATGGCGAAATGG-3Ј) of the deleted gene. The PCR product was used directly to transform TMB3001c with the lithium acetate method (9) . Transformants were confirmed by PCR using each of the above primers in combination with the corresponding kanMX4-specific primer KanB (5Ј-CTGCAGCGAGGAGCCGTAAT-3Ј) or KanC (5Ј-TGATTTTGATGAC GAGCGTAA-3Ј).
The D-xylulose-5-P/D-fructose-6-P phosphoketolase gene xfp from Bifidobacterium lactis was cloned as an EcoRI-HindIII fragment from the vector pFPK5 (20) under the control of the constitutive, truncated HXT7 promoter of the p426 (URA3) plasmid (13) to yield p6XFP. Similarly, the Entamoeba histolytica acetaldehyde dehydrogenase gene EhADH2 was cloned as a BamHI-XbaI fragment from pET/EhADH2 (38) into the BamHI-SpeI-digested p425 (LEU2) plasmid (13) to generate p5EHADH2. Finally, the phosphotransacetylase gene pta was amplified from genomic DNA of Bacillus subtilis RB50:PRF69 (22) , using the forward primer 5Ј-CGGGATCCATGGCAGATTTATTTTCAACAGTG-3Ј and the reverse primer 5Ј-CCATCGATGTCGAGAGCTGCCATTGTCTCC-3Ј. The resulting PCR product was ligated into the BamHI-ClaI-digested p424 (TRP1) plasmid (13) to obtain p4PTA. For comparative physiological analysis, all strains contained three plasmids, with or without insert, so that supplementation with amino acids was not necessary.
Phosphoketolase activity assay. Cell extracts were prepared from mid-exponential-growth-phase cultures at an OD 600 of about 1 in minimal medium with 20 g of glucose liter
Ϫ1 or 5 g of galactose liter Ϫ1 plus 20 g of xylose liter
Ϫ1
. Cell pellets were harvested by centrifugation, washed twice with deionized water, and resuspended in 50 mM histidine-HCl buffer (pH 7.0) containing 20 mM KH 2 PO 4 -Na 2 HPO 4 (pH 7.0), 2 mM dithiothreitol, and 1 mM MgSO 4 . The suspension was vortexed with glass beads (diameter, 0.5 mm) at 4°C for 5 min, incubated on ice for 5 min, and vortexed again for 5 min. Cell debris and glass beads were separated by centrifugation at 20,000 ϫ g and 4°C for 5 min. In vitro activity of D-xylulose-5-P phosphoketolase was determined by measuring the acetyl-P formed after addition of ribose-5-P that was converted to xylulose-5-P by the endogenous ribose-5-P isomerase and ribulose-5-P epimerase in crude extracts as described elsewhere (J. Thykaer et al., unpublished data). The acetate produced in the assay mixture was then determined enzymatically by subtracting the acetate that was formed in an assay mixture without ribose-5-P from the assay mixture containing ribose-5-P. The total protein content was determined with a commercially available kit (Beckman). Specific activities were expressed as units per milligram of protein, where 1 U is defined as formation of 1 mol of acetate per min.
RESULTS
Installing a phosphoketolase pathway. To engineer the phosphoketolase pathway into the xylose-fermenting S. cerevisiae strain TMB3001c (Fig. 1) , we expressed different combinations of the B. lactis D-xylulose-5-P/D-fructose-6-P phosphoketolase gene xfp, the B. subtilis phosphotransacetylase gene pta, and the E. histolytica acetaldehyde dehydrogenase gene EhADH2. During the initial glucose consumption phase in batch cultures with 50 g (each) of glucose and xylose liter Ϫ1 , all phosphotransacetylase-expressing strains attained about 30% lower biomass yields, and all other physiological parameters were similar to those of the control strain (data not shown). During the subsequent xylose consumption phase, phosphoketolase-expressing strains exhibited strongly reduced specific rates of uptake of xylose and lower formation of the by-product xylitol (Fig. 2) . The most prominent effect of phosphoketolase expression was the extremely high level of accumulation of acetate. While individual expression of acetaldehyde dehydrogenase and phosphotransacetylase had only negligible effects, concomitant overexpression of both genes surprisingly increased the ethanol yield by about 25% over that of the TMB3001c control (Fig. 2) . This yield increase was achieved by a lower rate of formation of xylitol while the high rate of uptake of xylose remained unaltered. Since heterologous expression of phosphoketolase was apparently not necessary to achieve the desired ethanol yield increase, we hypothesized endogenous phosphoketolase activity in S. cerevisiae, as was earlier described during growth on xylose (8) . Using an in vitro enzyme assay, we verified this endogenous activity (Table 2 ). Endogenous phosphoketolase activity was detected during growth on glucose and about doubled during growth on galactose plus xylose. Heterologous overexpression of phosphoketolase further increased phosphoketolase activity about 10-fold in TMB3001c-p6XFP/ p5EHADH2/p4PTA. The apparent induction of the recombinant phosphoketolase on galactose plus xylose may be explained by the moderate downregulation of the truncated HXT7 promoter on glucose (13) .
During the xylose consumption phase, the flux through the phosphoketolase pathway in TMB3001c expressing phosphotransacetylase and acetaldehyde dehydrogenase was 45 mol g Ϫ1 h Ϫ1 or about 6% of the xylose uptake rate (Fig. 3) . While this flux rerouting clearly increased the ethanol yield, maximum theoretical ethanol production would require an about (Fig. 2) . Hence, we expressed all three phosphoketolase pathway enzymes in the ald6 mutant of TMB3001c that lacks the constitutive cytosolic aldehyde dehydrogenase, which is the major acetate-producing isoenzyme from acetaldehyde (6, 21) . This strategy reduced acetate formation only modestly (data not shown), indicating that phosphoketolase-dependent acetate formation originates from the hydrolysis of either acetyl-P (36) or acetyl-CoA (5) rather than from acetaldehyde. Hence, it appears that higher activities of phosphotransacetylase and/or acetaldehyde dehydrogenase may be necessary to prevent phosphoketolase pathway-based acetate formation. Metabolic engineering of reduced acetate formation improves xylose catabolism. Circumstantially, the strongly decreased xylose fermentation rate upon phosphoketolase overexpression ( Fig. 2) and upon deletion of the glucose-6-P dehydrogenase (16) was accompanied by a drastically higher accumulation of acetate. Thus, we investigated the effect of extracellular acetate accumulation on xylose fermentation by comparing fermentation performance of TMB3001c and the aldehyde dehydrogenase deletion mutant TMBALD6c in anaerobic batch culture with a 50-g liter Ϫ1 concentration each of glucose and xylose. During growth on glucose, acetate formation of TMBALD6c was below detection level, whereas TMB3001c accumulated up to 1.5 g of acetate liter Ϫ1 (data not shown). During xylose consumption, TMBALD6c produced much less acetate than TMB3001c but exhibited a 50% higher rate of specific xylose uptake.
To verify that the higher rate of xylose consumption was indeed caused by the low level of acetate accumulation in the aldehyde dehydrogenase deletion mutant, we increased the acetate concentration artificially upon glucose depletion from 0 and 1.5 g liter Ϫ1 to 2 and 3.5 g liter Ϫ1 for TMBALD6c and TMB3001c, respectively. Consequently, only the specific xylose uptake rates but not the product yields on xylose were significantly reduced in both strains: from 0.12 to 0.07 g g Ϫ1 h Ϫ1 in TMB3001c and from 0.18 to 0.12 g g Ϫ1 h Ϫ1 in TMBALD6c. Thus, TMBALD6c with added acetate exhibited about the same uptake rate as TMB3001c without. These results provide strong evidence that acetate has a negative effect on the xylose fermentation rate, which appears to go beyond the well-known growth-inhibiting effect of acetate (11, 19) .
Establishment of the phosphoketolase pathway in TMBALD6c. Since the simultaneous increase of ethanol yield and the xylose fermentation rate would clearly be desirable, we combined the two strategies described above by expression of acetaldehyde dehydrogenase and phosphotransacetylase in TMBALD6c. The resulting strain, TMBALD6c-p5EHADH2/p4PTA, maintained the high ethanol yield of the phosphoketolase pathway strain TMB3001c-p5EHADH2/p4PTA but also the high specific xylose uptake rate of the acetaldehyde dehydrogenase deletion mutant TMBALD6c (Fig. 4) . Thus, both important characteristics could be combined without significant loss of the previously observed improvements.
FIG. 3. Specific intracellular carbon fluxes (mol g DW
Ϫ1 h Ϫ1 ) during xylose consumption in anaerobic batch experiments. Fluxes for TMB3001c (upper values) and TMB3001c-p4PTA/p5EHADH2 (middle values) were estimated from the experimental data shown in Fig. 2 . Average values of duplicate experiments with deviations within 10% are given. The lower values (italics) represent the flux distribution that is required for maximum theoretical ethanol production from the xylose uptake rate of TMB3001c. 
DISCUSSION
We describe here successful establishment of the phosphoketolase pathway in a recombinant, xylose-utilizing S. cerevisiae strain. In combination with the endogenous phosphoketolase activity (8) , heterologous expression of phosphotransacetylase and acetaldehyde dehydrogenase was sufficient to achieve significant flux through this recombinant pathway. This metabolic engineering strategy improved the ethanol yield on xylose by about 25%, without affecting the xylose fermentation rate. Somewhat independently of the phosphoketolase pathway, we identified acetate as a strong inhibitor of xylose fermentation in yeast. Deletion of the NADPH-dependent aldehyde dehydrogenase-encoding ALD6 gene strongly reduced acetate formation, thereby increasing the rate of xylose fermentation for TMBALD6c by about 50% over that for TMB3001c. Notably, the ethanol yield remained largely unaltered. Since strains with increased ethanol yield and an increased xylose fermentation rate are important for commercial establishment of an ethanol production process, we combined reduction of acetate formation with the phosphoketolase pathway. Expression of the two phosphoketolase pathway enzymes phosphotransacetylase and acetaldehyde dehydrogenase in the low acetate producer TMBALD6c yielded a strain that fermented xylose about 40% faster and produced ethanol with a 20% higher yield than TMB3001c.
Metabolic engineering of xylose metabolism in yeast typically has either increased ethanol yields at the expense of the fermentation rate (1, 16) or increased fermentation rates while reducing the ethanol yield (2, 39). A current intermediate success is an increased fermentation rate without yield reduction when using xylose isomerase (18) . This strategy holds great promise, though, because it may avoid the redox problem that is caused by the consecutive redox reactions used in virtually all other yeast strains. Two notable exceptions to the above trade-off rule were reported recently, both affecting redox balancing. In the first, ammonium assimilation was modified by deleting the NADPHdependent glutamate dehydrogenase GDH1 and overexpressing the NADH-dependent isoenzyme GDH2 (25) . The reduced xylitol secretion caused a significant ethanol yield increase and a concomitant xylose fermentation rate increase of 15%. Since this NADH-reoxidizing reaction is stoichiometrically coupled to the anabolic ammonium requirement, however, the possibilities for complete elimination of xylitol and glycerol accumulation appear to be limited. In the second case, xylose reductase expression levels were increased in a zwf1 mutant with an interrupted pentose phosphate pathway (17) . The optimal expression level increased the ethanol yield by 10% and the fermentation rate by 120%. The drawback of this approach was a 150%-higher rate of glycerol production, because xylose reductase also catalyzes the conversion of dihydroxyacetone-P to glycerol-3-P. In contrast to the above two approaches, the phosphoketolase pathway strategy introduces an alternative catabolic pathway that channels carbon fluxes directly to ethanol without at the same time interfering with other metabolic processes. Since this pathway consumes more NADH than it requires for the conversion of xylose to ethanol, it appears to be a promising strategy to further improve production of ethanol from xylose. To take full advantage of this potential, the enzymatic activities of phosphoketolase, phosphotransacetylase, and acetaldehyde dehydrogenase need to be increased and fine-tuned, possibly by using evolutionary approaches (26) , which have successfully generated such fine-tuned, pentose-fermenting yeast strains (3, 28, 29, 35) .
